Germanium nanowires are produced by a novel approach, combining two well known electrochemical and metal assisted chemical etching. The metal assisted etching procedure is enhanced by incorporation of HF in the catalytic solution and application of a constant bias to the substrate. Fast etching, caused by metal nanoparticles, facilitate pore nucleation for further pore growth. The improved current transport developed in the vicinity of the metal nanoparticles maintains a concentrated current density at the pore tip which results in an elongation of the pores in one direction and formation of long nanowires. With this new approach it is possible to fabricate nanowires with diameter below 100 nm and tens of micrometers long.
Semiconductor nanowires and particularly Ge nanowires (NW), due to their enhanced mobility, can improve the electrical and optical properties of one dimensional electronics and photovoltaics devices, [1] [2] [3] [4] [5] while being compatible with CMOS technology. Several techniques are currently used to fabricate Ge NWs, such as molecular beam epitaxy or chemical vapor deposition. [6] [7] [8] However, apart from the high cost, homogeneous production of NWs by these methods on a large area of a substrate, is still an open issue. [9] [10] [11] For instance, metal catalyst such as gold introduces deep impurity levels in semiconductor band gap altering the electronic transport properties of the wires. 12 Metal assisted chemical etching (MAcE) is a simple and economically favored method currently used to fabricate Si NWs, offering a large variety of controllability over the Si wires parameters. 13, 14 However, MAcE is not effective for Ge NWs fabrication. Although exact phenomena preventing Ge NWs by MAcE are not profoundly comprehended, it can be postulated to be attributed to the following factors. First, higher oxidation state of Ge (Ge 4+ ) compared with Si (Si  2+ ) which necessitates larger number of redox agents in the etching process. Second, water solubility of the germanium oxide that cease the mass transfer process by the disruption of the self-generated field at metal semiconductor interface. Third, the large leakage current which results in an isotropic etching of the Ge surface preventing the wire formation. 13, 15 Recently, Föll et al. have proposed a method to fabricate long germanium nanowires by conventional electrochemical etching of the Ge substrate. 16 In the proposed method the nucleation of the germanium pore tip is a necessary step to commence the etching process. This necessitates a potential ramp in a very small range in which the pore is formed with a steady state condition for wire formation. 16 Moreover, the potential applied in the process should be managed to minimize transversal leakage current effects and keep the pore wall formation going. These obstacles make this method rather difficult to be realized in practice.
In the present work, a novel and simple approach for long Ge nanowire fabrication is introduced. The described procedure is a combination of the conventional metal assisted etching (MAcE) and electrochemical etching of the Ge substrate. Using this method, we have achieved Ge wires with diameters ranging from 10 to 300 nm and with a length up to 10 micrometers.
All experiments were performed in a two electrode configuration electrochemical cell (see Fig. 1 ) using p-type doped Ge(100) wafers. Wafers were initially cleaned ultrasonically in acetone and methyl alcohol. Then they were exposed to a 10% HF solution in order to remove the native oxide layer. They were dipped in AgNO 3 solution for 10 seconds for Ag nanoparticles deposition afterwards (metal activation). All the experiments were carried out in a clean room with a constant temperature of 25°C and in dark. The samples were analyzed by high resolution scanning electron microscopy (SEM) in plane and cross-section view.
In order to get an optimized pore density as a necessary prerequisite for wire formation, we carried out a specific two stage experiment. First the metal activated samples were etched using the standard MAcE solutions without an applied bias for pore formation optimization (see Table 1 ). Then starting from these optimized parameters, another set of fresh samples underwent a similar etching process but in presence of a constant applied bias. The results associated to each step are described and discussed in a separate section for a clearer interpretation of the mechanism involved in each step.
Pore nucleation
Pores formed by initial conventional MAcE of Ge substrates in a HF : H 2 O 2 : H 2 O (2 : 3 : 1) electrolyte without the applied bias are shown in Fig. 2a-c (Fig. 2d) . They are also convex in shape due to the etching time gradient between top and bottom sidewalls and with {111} micro-facets to the side, positioned at an angle 54.7° (Fig. 2e) . 15, 17 It is known that Ge wafers can be etched by conventional MAcE in H 2 O 2 solution. 18 In an aqueous solution of Ag + salt (e.g., AgNO 3 , Ag 2 SO 4 , AgClO 4 ), Ag + is reduced to Ag particles on the Ge substrate and the Ge under Ag particles is catalytically etched into pores (Fig. 2) . The Ge-Ge bonds act as the reducing agents for Ag + ions, resulting in the reduction of Ag + and the oxidation of Ge into Ge 4+ . 13, 19, 20 The pore formation is originated in an enhanced electron transfer from Ge to O 2 around metallic particles and formation of water following the redox reactions:
Since GeO 2 is soluble in water the etching can be carried out without an acidic agent (HF). This etching usually results in pores with crystallographic micro-facets based on the crystalline orientation of the initial substrate.
On the other hand, in electrochemical etching of Ge, in presence of an applied bias and absence of metal particles, the anodic dissolution of Ge occurs in the form of tetravalent complex ions (i.e. the number of valence electrons of the overall reaction n = 4). Therefore, four holes are required to remove a Ge atom from the bulk p-type substrate with the following overall reaction: [21] [22] [23] 3Ge + γh
It is shown that using HF can enhance the electrochemical etching process due to further dissolution of Ge oxide in HF. 24 In this model the tetravalent and divalent dissolution of Ge and Ge oxide in water and HF is accounted for as:
GeO + HF + 2e
while reactions are significantly sensitive to the overall current density. In contrast to Si, the tetravalent dissolution is the main dissolution mechanism for current densities below 7.5 mA cm −2 . 25, 26 With increasing etching current density, the divalent starts to dominate and at high current densities, the divalent dissolution becomes the main mechanism. In case of low etching current densities and long etching time, the solubility is only limited by HF concentration in which high concentrated electrolytes are able to dissolve large amount of Ge oxides. Considering the anodic dissolution enhancement at low current densities by HF contribution, it can be reasonably assumed that incorporation of HF in the electrolyte can also enhance the metal assisted etching process of Ge.
In our experiment we did many trials with different concentration of the redox agents and carefully analyzed the experimental data. We observed that MAcE etching in a conventional MAcE electrolyte solution (HF : H 2 O 2 : H 2 O, 2 : 3 : 1) using Ag nanoparticles achieved from dipping Ge substrate in a 10 ml @ 10 −4 ML AgNO 3 solution, results in a pore formation with a higher surface density and in a short time oriented in the (100) direction depicting a current driven pore formation process. The diameter distribution of the wires are similar to that of the conventional MAcE pores prior to wires formation but with a smaller maximum. The majority of the wires have diameters below 100 nm (Fig. 3f) . The overall procedure of Ge nanowire formation by AMAcE approach can be summarized in three main steps (see Fig. 4 ) which will be discussed in details. First, the crystallographic pore formation in the absence of the applied bias within the first few seconds. Second, generation of the current transport at the pore tip by application of the external bias. Third, stabilized etching of the Ge substrate and formation of the nanowires along the current line.
Formation of nanowires by application of a constant bias to the metal activated samples cannot be simply explained in conventional electrochemical etching framework. In conventional Ge electrochemical etching, following the nucleation, for a subsequent pore growth, a constant potential and current cannot be easily optimized due to a large leakage current caused by Ge low band gap. The large leakage current dissolves the pore side walls and create a convex shape structure (similar to the conventional MAcE pores) preventing the formation of nanowires. Hence, to have a stable pore formation the current density should be kept constant and higher at pore tip compared with the transversal leakage current. This necessitates a constantly increasing current due to increase of the leakage current by the pore surface growth.
In case of AMAcE approach used in our experiment, formation of nanowires can be attributed to the role played by metal. The spontaneous nucleation of the pore tip by metal particles within few seconds (Step 1) facilitates the initiation of the etching process. The positive redox potential of the Ag enhances the hole injection to the Ge valence band 20 while the electrical field applied to the substrate will be highly localized by the metal curvature and the proton gradient across the metal surface as discussed in ref. 14, 27 and 28. The enhanced hole transport in the vicinity of the metal and a highly localized field at the pore tip can maintain a higher tip current density compared with the leakage current (Step II-see Fig. 4 ). These effects not only promote the formation of nanowires (Step III) but also leads to a faster etching rate (10 times faster) compared with the non-metal activated electrochemical etching of Ge, as long as the metal is in contact with the substrate. Our results also show that the applied bias below 0.5 V can not trigger the etching. This can be due to the fact that at quite low biases the tip current can not overcome the sidewalls leakage current that ceases the elongation of the pores. The pore sidewalls are also expected to be etched with a lower rate that results in a radial growth of the pores and tapering of the wires. However, the large surface density of the pores developed by metal nanoparticles can easily drive the distance between two sidewalls to a value lower than twice of the space charge region (d SCR ) (5) in which case the sidewalls become insulator and their etching ceases that results in stabilized formation of long nanowires. 15, 29 In eqn (5), εε 0 is the dielectric constant of the Ge, V a is the voltage drop across the space charge region, e is the electron charge and N is the dopant concentration of the Ge substrate.
To confirm the etching functionality by combination of two mechanisms we carried out further experiments that are summarized in Table 1 . A metal activated sample was kept in HF/H 2 O 2 solution for 30 minutes without any applied bias. Due to the lack of amplified pore current density by an accompanied bias the etching occurs in both direction and result in formation of large crysto pores up to 10 micrometers as shown in Fig. 5c and d. The sample shows formation of a very dense Ge micro-porous layer without any wires. Furthermore, a not metal activated Ge substrate was kept in a similar electrolyte for 30 minutes at V a = 1.5 V and the sample showed simply removal of Ge layers from the surface. Finally, the results from HF/H 2 O 2 electrolyte was also compared with high concentration (10%) HCl as the catalytic solution without the oxidant agent H 2 O 2 . The sample was etched for the same amount of time (30 min) and the same applied bias (1.5 V). It is known that in electrochemical etching of Ge with high concentration of the HCl, the -OH passivation is replaced by -Cl passivation, promoting (111) pore growth that are not suitable for the wire growth. 30, 31 However, this sample also shows formation of nanowires but with a lower wire Fig. 4 Ge wire formation process by AMAcE method.
Step I) High density of crystallographic pores are formed underneath the metal particles by conventional MAcE mechanism without an applied bias.
Step II) Holes accumulate in vicinity of metal particles and a high current density will be built up at the Ge-metal interface (pore tip) due to the applied bias.
Step III) Further Ge etching, driven by a stabilized current density, resulting in formation of Ge nanowires.
density and shorter length compared with samples etched in HF electrolyte (see Fig. 5b ). This can be the result of two effects. First, the -Cl passivation competing with the -OH passivation and effectively reducing the etching rate. Second, lower redox potential of HCl compared with HF/H 2 O 2 results in formation of lower surface density of pores and hence lower density of wires. Moreover, the lower redox potential generates lower current density (holes) at the pore tip that further reduces the etching rate. As a final remark, in samples with HF we also detected regions with crysto pores (see Fig. 5a ). These small regions can be formed due to the following effects. First, the inhomogeneous distribution of the Ag nanoparticles both spatially and dimensionally. The Ag nanoparticles can agglomerate forming larger particles and regions with lower surface densities that create large pores to start with. These large pores can further be etched in a crystallographic manner due to lack of intense localized field at the low curvature of the large particles. Second, the nanoparticles (usually large particles) can be detached from the substrate surface after formation of the pore tip and also during the etching. This can result in continuation of the etching in a crystallographic direction with the lowest surface energy (usually [111] ).
In summary, we have demonstrated the possibility of Ge nanowire fabrication by a novel method (AMAcE) combining conventional MAcE and electrochemical etching of crystalline Ge substrates. AMAcE is a simple, reliable and with high throughput of Ge NWs fabrication that can easily be integrated in the conventional nanotechnology. Ge NWs fabrication occurs within a two steps process. The first consisting in nucleation of pores with a well defined distribution of size and density by the conventional MAcE process. Wire formation sets in the second step only, via application of a suitable electrical potential to overcome the leakage current. Our results also depict the role of the localized field in proximity of the metal particles on the etching process that further improve the understanding of the MAcE and Electrochemical etching of Ge substrates. 
